, respectively. The limits of quantification (LOQ) in tap water and milk were 0.25, 0.12 µg mL -1 , respectively. The recoveries of penicillin G at three spiked levels were ranged from 78.9 to 85.5 % with intra-day and inter-day relative standard deviation values below 4.8 %.
Introduction
Penicillin G is one of the most widely used β-Lactam antibiotics, which is used effectively for prevention and treatment of bacterial infection, both in humans and in animals [1] . However, the widespread use of antibiotics in animal husbandry may lead to the residues in food such as milk, which can provoke allergic reactions in some hypersensitive individuals [2] . Antibiotic residues in environment may also be responsible for the increase of the risk of development and spread of antibiotic resistance, posing a potential threat to public health, since they can be released into the environment after their application [3] . In recent years, antibiotics have been detected in the effluent of pharmaceutical companies and hospitals, municipal wastewater, surface water and groundwater [4] [5] [6] [7] [8] . In order to protect the public health, a rapid, accurate and specific method is strongly desired for the isolation and determination of penicillin G in milk and environmental water.
Currently, antibiotics in biological samples are often required to be pre-concentrated to a detectable level by solid-phase extraction (SPE) prior to high performance liquid chromatography (HPLC) analysis. For this purpose, C 18 , hydrophilic lipophilic balance (HLB) copolymer and mixed phase SPE sorbents were extensively employed for the extraction of antibiotics, and exhibited a merit of high recovery [9] [10] [11] . Nevertheless, these traditional sorbents are lack of special selectivity to the target antibiotics, which commonly lead to co-extraction of impurities from sample matrix.
In recent years, molecularly imprinted polymers (MIPs) have been developed as valuable alternative to overcome the limits of traditional SPE sorbents. MIPs are synthetic tailor-made materials with specific recognition sites to the target molecule, which are obtained by polymerization of a template molecule and functional monomers with a cross-linker [12, 13] . MIPs are especially good candidates Abstract: In this study, a selective sample preparation method coupling surface molecularly imprinting polymers (SMIPs) with solid-phase extraction (SPE) was developed for the determination of penicillin G from tap water and milk samples. SMIPs for penicillin G were synthesized by using silica gel as supporting matrix, methacrylic acid (MAA) as the functional monomer, ethylene glycol dimethacrylate (EDMA) as the cross-linker, methanolacetonitrile (1:1,v/v) as the solvents and 2,2′-azo-bisisobutyronitrile (AIBN) as the initiator. Characterization and adsorption experiments revealed that SMIPs exhibited large adsorption capacity, high recognition ability and high rate of mass transfer. Application of SMIPs in SPE followed by HPLC was done to selectively determine penicillin G from tap water and milk samples. Under the optimal conditions, the proposed method demonstrated high linearity with the concentration of penicillin G ranging from 0.12 to 200 µg mL -1 . The limits of detection (LOD) in tap water and milk were 0.05, 0.03µg mL -1 as sorbents for the sample preparation, because of their unique characteristics of predetermined and specific selectivity, easy preparation, and good chemical stability [14] [15] [16] [17] . Due to the high selectivity and stability of MIPs, it has been widely used as a new selective adsorbent in SPE for direct extraction of antibiotics from aqueous samples [18, 19] .
However, the conventional preparation method of MIPs is bulk polymerization or precipitation-polymerization. It has some disadvantages such as irregular shape and deeply embedded recognition sites, which may cause poor site accessibility to the target molecules as well as difficult elution. The crushing of bulk polymers is a timeconsuming and wasteful process that results in irregular sizes and shapes, where this irregularity leads to poor recognition performance. In order to solve these problems, the surface molecular imprinting technique (SMIT) can be applied to avoid the disadvantages that arise from bulk polymerized MIPs. With this technique, the obtained surface molecularly imprinted polymers (SMIPs) have some advantages compared with the traditional MIPs, such as adequate selectivity, more accessible binding sites, fast mass transfer rate and binding kinetics [20] [21] [22] [23] . Up to now, MIPs for penicillin G have been synthesized by bulk polymerization, but few researches have focused their attention on the preparation of MIPs for penicillin G by SMIT [24] [25] [26] .
In this work, the SMIPs for penicillin G were prepared using silica gel particles as the supporting matrix, methacrylic acid (MAA) as the functional monomer, ethylene glycol dimethacrylate (EDMA) as the cross-linker, and 2,2′-azo-bis-isobutyronitrile (AIBN) as the initiator. And SMIPs were applied as special sorbents of SPE (SMIPs-SPE) to selectively extract and enrich penicillin G from tap water and milk samples followed by HPLC (SMIPs-SPE-HPLC). The characteristics of the SMIPs were investigated including surface morphology, thermal stability, and adsorption performances.
Methods

Reagents
Penicillin G, piperacillin sodium, ampicillin sodium, cloxacillin and amoxicillin were purchased from Xian Renda Biotechnology Co. (Xian, China 
Instrument and analytical conditions
The HPLC analysis was performed with a Shimadzu HPLC system (Kyoto, Japan), equipped with an LC-20AT pump, an SPD-20A UV-vis detector and a CBM-102 work station. ) were recorded using KBr pellets in a Thermo Nicolet Nexus 330 FT-IR spectrometer (Madison, USA). The scanning electron microscopy (SEM) images were obtained by a TM-1000 Scanning Microscope (Hitachi, Japan). The thermogravimetric analysis (80-800°C) was performed with a SDT Q600 thermogravimetric analyzer (TA, New Castle,USA). The elementary analysis was performed with an EL3 elementary analyzer (Elementer, Germany). Nitrogen adsorption and desorption analyses were performed on an Autochem 2920 (Quantachrome, USA) with a bath temperature of 77 K. The specific surface area was determined using the Brunauer-Emmett-Teller (BET) theory. The shaker was performed by a SHZ-82 Vapourbathing Constant Temperature Vibrator (Jintan, China).
Preparation of SMIPs
Activation and modification of silica gel
The silica gel particles were activated and modified according to the reported method [22] . Silica gel particles (12 g) were activated by refluxing with 10% hydrochloric acid (100 mL) under stirring at 110 °C for 24 h. After being filtered and washed with deionized water to neutral pH, the silica gel particles were dried under vacuum at 60 °C for 24 h. Activated silica gel particles (5 g) were dispersed into toluene (50 mL) in a 100 mL flask, and then APTES (2 mL) and triethylamine (1 mL) were added into the system. After refluxing under stirring at 110 °C for 24 h, the product was filtered and washed with methanol to remove the reaction solution, and then the modified silica gel particles were dried under vacuum at 60 °C for 24 h.
Synthesis of SMIPs
Penicillin G (0.5 mmol) was dissolved in methanolacetonitrile (1:1, v/v) (20 mL) in a 50 mL conical flask, and then MAA (168 µL) and modified silica gel particles (2 g) were added. The mixture was stirred and incubated overnight at room temperature, and then EDMA (952 µL) and AIBN (0.0164 g) were added. After ultrasonic treatment for 20 min, the mixture was purged with nitrogen gas (20 min) for further reaction which was carried out in a thermostatic bath by stirring at 60 °C for 24 h. After polymerization, the product was washed with acetone to remove the self-polymers formed by monomers and cross-linkers, and then washed by Soxhlet extraction with methanol / acetic acid (4:1, v/v) for 24 h to remove the templates and residual solvents. At last, the product was washed with acetonitriledeionized water (2:8, v/v) and methanol to neutral pH, and then dried under vacuum at 60 °C for 24 h. Nonsurface imprinted polymers (SNIPs) were synthesized simultaneously under the same procedure, but without the addition of penicillin G.
Adsorption tests 2.4.1 Adsorption isotherm
To measure adsorption isotherm of SMIPs or SNIPs, 20 mg of SMIPs or SNIPs was added in a conical flask containing 10 mL of penicillin G standard solution which was prepared in deionized water varied in the concentrations of 20 to 1000 µg mL -1 . The suspensions were agitated on the shaker at room temperature for 2 h. After the adsorption was finished, the supernatant was analyzed by HPLC. The adsorption amount (Qe, µg mg -1 ) was calculated by the following formula:
where Co (µg mL -1 ) is the initial concentration of penicillin G, Ce (µg mL -1 ) is the equilibrium concentration of penicillin G in solution, V (mL) is the sample volume and m (mg) is the mass of the polymer.
Adsorption kinetics
The adsorption kinetic study was performed using 20 mg of SMIPs or SNIPs which was mixed with 10 mL water solution containing 700 µg mL -1 of penicillin G. The samples were incubated at room temperature with shaking. The residual concentrations of the analyte at different periods of time (0.5-2 min) were monitored by HPLC. The adsorption amount (Qt, µg mg -1 ) was calculated according to:
where Co (µg mL -1 ) is the initial concentration of penicillin G, Ct (µg mL -1 ) is equilibrium concentration of penicillin G in solution, V (mL) is sample volume and m (mg) is the mass of the polymer.
Selectivity test
Mezlocillin sodium, piperacillin sodium, ampicillin sodium, cloxacillin, and amoxicillin were selected as competitive compounds to estimate the selectivity of SMIPs for penicillin G. The analytes were dissolved with deionized water in 10 mL conical flask. After adding 20 mg of SMIPs or SNIPs, the suspensions were incubated at room temperature with shaking for 2 min, and then the supernatant was analyzed by HPLC. The imprinting factor (IF) was expressed by the following formula:
where Q SMIPs and Q SNIPs are the adsorption amount of SMIPs and SNIPs, respectively.
Sample preparation
The tap water was collected from the laboratory. The milk was purchased from the local supermarket. 0.5 mL of milk samples were added to 1.5 mL of acetonitrile and centrifuged at 4000 rpm for 10 min. The supernatant was collected and centrifuged at 12000 rpm for 10 min, and then the supernatant was evaporated to dryness under a nitrogen stream. The residues were dissolved in 2 mL of deionized water. The water and milk samples were stored at 4°C in a refrigerator for further SMIPs-SPE procedure.
SMIPs-SPE procedure
200 mg of SMIPs particles were packed into a 2.5 mL of empty polypropylene cartridge and capped with fritted polyethylene disks at the top and bottom. The cartridge was consecutively preconditioned with 5.0 mL of water, and 5.0 mL of methanol, followed by loading 2.0 mL of sample solution. After that, the cartridge was washed with 1.0 mL of isopropanol and eluted with 4.0 mL of methanolacetic acid (9:1, v/v). The eluents were dried using a gentle stream of nitrogen; the residues were dissolved in 1.0 mL of deionized water for HPLC analysis.
Method validation
The developed SMIPs-SPE method coupled with HPLC for penicillin G analysis was then validated following the recommendations of the International Conference on Harmonization Q2(R1). Liner calibration curves of penicillin G in tap water and milk were evaluated over the range of 0.25 to 200 µg mL -1 and the range of 0.12 to 200 µg mL -1 , respectively. The method limit of detection (LOD) and limit of quantitation (LOQ) were defined as three and ten times the ratio of the signal to noise, respectively. The accuracy was expressed as a percentage of the recovery. The precision was evaluated by measuring the relative standard deviation (RSD) of the intra-day and inter-day data, with acceptable values for the RSD% being less than 15%".
Results
Optimization of preparation conditions of SMIPs
In this work, SMIPs for penicillin G were prepared by using silica gel as supporting matrix. The silica gel was activated under the condition of acidification and high temperature to acquire more Si-OH groups. APTES was grafted onto the surface of the activated silica gel under non-polar condition, which made the silica gel hold -NH 2 groups for polymerization. The surface of the SiO 2 particles was modified with amino propyls that not only leave enough silanol groups for further surface-initiated poly-condensation, but also act as assistant monomers to drive template molecules into the formed imprinted polymer shells during imprinting polymerization. The reactive amino groups on the surface of APTES-capped SiO 2 play an important role in embedding the SiO 2 into the polymer via the continuous capture of the monomers and newly formed oligomers in the solution during the polymerization. The possible preparation process of the SMIPs and recognition mechanism are shown in Figure 1 .
The preparation process of SMIPs was optimized by changing the preparation factors, including the mole ratio of the template to functional monomer, the content of cross-linker and different types of solvents. To prepare the SMIPs, MAA was selected as the functional monomer, which was favorable to hydrogen-bonding interaction in the solvent. Generally, proper molar ratios of functional monomer to template are very important to enhance specific affinity of polymers and number of MIPs recognition sites. High ratio of the functional monomer to template results in high non-specific affinity, while low ratio produces fewer complexations due to insufficient functional groups. As shown in Table 1 , with the increase of the functional monomer, the adsorption capacity of SMIPs was increased. On the contrary, the adsorption capacity of SMIPs was decreased with the increase of the cross linker. The possible reason was that the increased functional monomer could supply more accessible functional group for the template. However, the increased cross linker might generate more compact surface on the SMIPs, which hindered the access of the template. Nevertheless, the adsorption capacity of SNIPs showed much random trend. The conditions for SMIPs 2 were proved to be optimal because of the highest imprinting factor. Meanwhile, the polarity of methanol-acetonitrile (1:1, v/v) was the lowest among the above solvents, which didn't weaken the strength of hydrogen bond between the template molecule and functional monomer.
Characteristics of SMIPs
The SEM images of modified silica gel, SMIPs and SNIPs are showed in Figure 2 . It can be seen that modified silica gel, SMIPs and SNIPs were all spherical shape. The surface of SMIPs and SNIPs exhibited more rough than modified silica gel, indicating that molecularly imprinted polymers have been grafted onto the surface of silica gel. And the results showed that there was no significant difference between SMIPs and SNIPs. Figure 3 represents the FTIR spectra of activated silica gel, modified silica gel, SMIPs and SNIPs. In Figure  3a , the strong bands at 3420.44 cm -1 and 1635.38 cm . These results provided the evidence that-NH 2 were successfully grafted onto the surface of activated silica gel after modification, and imprinted film was coated onto the surface of silica gel. The FT-IR spectrum of the SMIPs and SNIPs showed major bands in similar locations since the compositions of SMIPs and SNIPs were similar, indicating that the template added in the polymerization process did not affect the chemical composition of the polymers [22] .
In order to study the thermal stabilities of activated silica gel, modified silica gel，SMIPs and SNIPs at elevated temperatures, the thermogravimetric analysis (TGA) was employed. The resulting thermograms are showed in Figure 4 . The activated silica gel had only 7% weight loss at 100 °C, which corresponds to the release of physically adsorbed water. The weight loss of modified silica gel was approximately 11%. It had a sharp decrease at approximately 300-600 °C, corresponding to the temperature of decomposition and ashing, and the weight loss of this stage was approximately 6%,compared with the weight of the grafted APTES. The SMIPs and SNIPs appeared a slight decrease below 270 °C due to the removal of the adsorbed water and solvent. And a major weight loss of the polymer at about 270 °C, which was attributed to the decomposition of the polymers. The results suggested that the SMIPs and SNIPs exhibited good thermal stability. In addition, the SMIPs and SNIPs all had a steep loss at approximately 270-500 °C, corresponding to the degradation of the grafted particles, and the weight loss of the SMIPs and SNIPs were about 24% and 29%, respectively. The both were more than that of modified silica gel, indicating that the monomers and cross-linking agents were grafted onto the surface of the silica gels. However, the weight loss margin between SMIPs and SNIPs was approximately 5%, and this could be caused by the removal of the template in the SMIPs after polymerization. The possible reason was that SNIPs did not contain the template and the surface of the SNIPs was much more compact than that of the SMIPs. This result corresponds with the SEM result. The element content of activated silica gel modified silica gel, SMIPs and SNIPs are showed in Table 2 . Compared with the activated silica gel, nitrogen element was appeared in the modified silica gel, indicates that the silica gels were successfully modified. The contents of the carbon element of SMIPs and SNIPs were significantly increased compared with the modified silica gel, suggesting that the imprinted polymers have been grafted onto the surface of the modified silica gel. The surface area of activated silica gel, SMIPs and SNIPs were 80.1, 214.5, and 236.3 m 2 g -1 , respectively. These results indicated that SMIPs and SNIPs were synthesized on the surface of activated silica gel, and the surface of SMIPs was loose and porous. This construction was in favor of the templates moving in and out of the surface of SMIPs. It is notable that the surface area of SMIPs is smaller than that of SNIPs, suggesting that specific adsorption by SMIPs could be attributed to the imprinting effect but not to the high surface area.
Adsorption isotherm
The adsorption isotherms of penicillin G on SMIPs and SNIPs were carried out by varying the initial concentration of penicillin G in the range of 20 to 1000 µg mL -1 . As shown in Figure 5 , the adsorption capacity of both SMIPs and SNIPs for penicillin G, increased with the increment of penicillin G concentration in the initial solution, and the equilibrium was reached at 700 µg·mL -1 . However, the SMIPs had much higher adsorption quantity than that of SNIPs, suggesting that the resultant SMIPs showed a higher affinity for penicillin G than SNIPs. The SMIPs contained the suitable cavities and regularly arranged functional groups matching with penicillin G molecules due to the participation of penicillin G during the preparation of SMIPs. That was why SMIPs exhibited better specific adsorption ability, while SNIPs contained irregularly arranged sites and showed nonspecific adsorption.
Subsequently, the Langmuir (Eq. (4)) and Freundlich (Eq. (5) equations were used to analyze the equilibrium experimental data. Linearized forms of the two isotherms are:
where q m (μg mg -1 ) and K L (mL μg -1 ) are the theoretical maximum adsorption capacity and Langmuir equilibrium constant, respectively. K F and n are the Freundlich constants which are the indicators of the adsorption capacity and adsorption intensity. The parameters of Langmuir and Freundlich equations for SMIPs and SNIPs are shown in Table 3 . The results indicated that the Langmuir model was more suitable for the experimental data than the Freundlich model because of the higher correlation coefficient. It suggests that the adsorption of SMIPs for penicillin G was monolayer adsorption.
Adsorption kinetics
The adsorption kinetic curve was showed in Figure 6 . It can be seen that the absorption capacities of SMIPs and SNIPs for penicillin G both increased with adsorption time, the adsorption equilibrium was reached at 2 min and SMIPs also had higher adsorption quantity than that of SNIPs. The adsorption process could be explained that the recognition sites on the surfaces of SMIPs profited the combination of penicillin G in the first period. The mass transfer barrier of SMIPs for penicillin G resulted in the slow adsorption rate after the surface binding sites getting saturated [22] . The SMIPs needed only 2 min to reach the adsorption equilibrium for templates, indicating that penicillin G molecules could be easily reached the surface imprinting cavities of SMIPs.
Selectivity of SMIPs
The selectivity of SMIPs or SNIPs for penicillin G, mezlocillin sodium, piperacillin sodium, ampicillin sodium, cloxacillin, and amoxicillin was evaluated. The results are showed in Figure 7 . The values of imprinting factor for penicillin G, mezlocillin sodium, piperacillin sodium, ampicillin sodium, cloxacillin and amoxicillin were 6.2, 3.5, 2.5, 3.9 ,1.3 and 1.4, respectively, which indicated that the obtained SMIPs had high selectivity for penicillin G. Meanwhile, the SMIPs had moderate affinity for other analogues, which were resulted from their high structure similarity to penicillin G. These could be ascribed to the hydrogen-bond interaction between the penicillin G and functional monomers in the specific recognition sites of the imprinted polymers. These results demonstrated that the selective recognition was built on the complementarities of functional groups, size, and shape between the analytes and recognition sites.
Optimization of the SMIPs-SPE procedures
In order to evaluate the applicability of the SMIPs-SPE, various parameters affecting the extraction efficiency of SMIPs-SPE were optimized. Theses parameters included the type of loading solution, the type and volume of washing solution, and the type and volume of elution solution.
The type of loading solution
As penicillin G could be dissolved in water and methanol, five loading solvents including water, methanol, methanol-water (1:1, v/v), methanol-acetonitrile (1:1,v/v), water-acetonitrile (1:1, v/v) were investigated. The results showed that almost all the loaded penicillin G was retained on SMIPs and the retention rate was 99.2 % when water was used as the loading solvent. Thus, water was selected as the loading solvent.
The type and volume of washing solution
The washing step was a most crucial procedure to maximize the special interactions between the analytes and binding sites, and to simultaneously decrease nonspecific interactions with discard matrix components [28] . In this study, ethanol, methanol-water (9:1, v/v), water, isopropanol-water (9:1, v/v), isopropanol, acetone, acetonitrile and dichloromethane were investigated as washing solvents. As shown , the lowest loss rate of penicillin G (0.54 %) was obtained when isopropanol was employed as the washing solution. Furthermore, the effect of different volumes of isopropanol was investigated from 1.0 to 4.0 mL. The results showed that the loss rate of penicillin G increased with the increase of isopropanol volume. Therefore, 1.0 mL of isopropanol was chosen as the washing solution.
The type and volume of elution solution
The eluting step was optimized to damage the special interaction taking place between penicillin G and the SMIPs. Methanol-acetic acid ( 
Method validation
The optimized condition described above was validated before application to the detection of real samples. Liner calibration curves of penicillin G in tap water and milk were obtained from the concentration 0.25 to 200 µg mL -1 and 0.12 to 200 µg mL -1 in real sample, respectively. As show in Table 4 , good linearity was observed throughout the concentration range.
The limit of detections (LOD) calculated at the signal to noise ratio of 3 (S/N=3) of the tap water and milk were 0.05, 0.03µg mL -1 , respectively. The limit of quantifications (LOQ, S/N=10) of the tap water and milk were 0.25, 0.12 µg mL -1 , respectively. The recoveries of different concentrations in tap water were ranged from 83.6 to 85.5 %. The intraday and the inter-day relative standard deviation (RSD) values all ranged from 0.8 to 4.8 % for all spiked levels in tap water. The recoveries of different concentrations in milk were from 78.9 to 85.2 %. The intra-day and the interday relative standard deviation (RSD) values all ranged from 0.8 to 4.3 % for all spiked levels in milk. The results indicated that the method was reliable and could be used for the detection of penicillin G in complicated samples. Table 5 compares the proposed method with previously reported methods. The recovery of this method was either similar than those previously published methods for penicillin G determination. The SMIPs-SPE-HPLC method developed in this work exhibited better characteristics such as high selectivity factor and short equilibrium time. This study also offered a new method to determine other β-Lactam antibiotics in different samples. 
Analysis of real samples
In order to verify the applicability of the validated method, the developed SMIPs-SPE-HPLC method was applied to analyze tap water and milk samples. Figure 8 showed the chromatograms of tap water and milk samples which were treated with SMIPs-SPE. As shown in Figure 8 , penicillin G could be selectively extracted on SMIPs-SPE column, and the chromatogram of elute collected from the SMIPs-SPE was much cleaner than that before extraction, which indicates that the presented method could be potentially applied for the determination of trace penicillin G in complicated samples.
Conclusions
In this work, the SMIPs for penicillin G were prepared using silica gel particles as the supporting matrix, and applied as selective sorbents of SPE. The characteristics and adsorption properties of SMIPs were investigated, and the results showed that the SMIPs exhibited porous structure, good thermal stability, high adsorption capacity and fast mass transfer rate. The SMIPs-SPE procedure was applied for rapid and selective determination of penicillin G from tap water and milk samples followed by HPLC. The proposed SMIPs-SPE-HPLC method could be potentially applied for rapid and selective determination of penicillin G from complicated samples. 
